Abstract: This study correlates toughness of polyamide nanocomposites with the molecular mobility of polymer segments in the amorphous phase. Two nanocomposite systems prepared by melt-compounding of polyamide-6 with sodium montmorillonite or organophilized montmorillonite were compared. They differed in the extent of silicate dispersion. While sodium montmorillonite formed intercalated nanocomposites, the organophilization promoted full exfoliation of the silicate layers in the matrix. The different morphology was imprinted in fracture behaviour, toughness of exfoliated nanocomposites was markedly lower that that of their intercalated counterparts. To explain this difference, a solid-state NMR was used as a selective tool for providing information about nanocomposites structure and, primarily, about dynamics of polymer segments. Comparison of NMR spinrelaxation behavior with fracture mechanics experiments revealed a close correlation between fracture toughness and the intensity of rapidly relaxing component of the amorphous phase.
Introduction
Polymer/layered silicate nanocomposites containing well dispersed silicate layers have received much attention over the last two decades, both in industry and in academia. They are an alternative to conventional microcomposites, because they exhibit significantly improved properties at very low filler loadings (~ 5 wt%). The property improvements include stiffness and strength as well as heat distortion temperature and enhanced barrier properties [1-4 and references therein]. The only mechanical parameter that is not enhanced, but even decreased, is toughness. In fact, increased toughness was observed only with nanocomposites with inherently brittle matrices like epoxy or polyester resins [5, 6] . It seems that a fully exfoliated nanocomposite does not exhibit efficient toughening mechanisms for length scale and size reasons. Nanoscale reinforcements are by orders of magnitude smaller than the fracture process zone in the crack tip region. Crack-tip blunting, which takes place in microcomposites, is not possible with nanoscaled fillers smaller than the radius of gyration of polymer chains. The reduction in ductility and toughness is usually attributed to the constrained mobility of polymer chains in the vicinity of silicate surface.
Polyamide/layered silicate nanocomposites were first developed by a Toyota research group [7, 8] . Since that time, many subsequent investigations were focused on preparation, structure development and resulting macroscopic behavior. Generally, both stiffness and tensile strength increase with increasing silicate content, while toughness is reduced [9] [10] [11] [12] . Even if the presence of the silicate layers favors the crystallization of the γ-form, which is more ductile than the α-form [13, 14] , the chain immobilization at the silicate surface appears to play a dominant role in the deformation behavior of polyamide nanocomposites [11, 12] . In these complex materials, however, large interfacial area and significantly enhanced surface-tovolume ratio causes unexpected changes in molecular dynamics. Consequently, a simple relationship between the polymer composition and material properties cannot be expected, because many effects are operating simultaneously. Disclosure of complex relations involving all the possible contributions requires analytical techniques that are complementary to the traditional tools. It has been shown several times that solid-state NMR spectroscopy is an excellent method providing information about structure and dynamics of nanocomposites without requiring long-range order. In view of recent developments of the techniques probing interatomic proximities and amplitudes and frequencies of segmental motions, the solid-state NMR spectroscopy became a valuable tool in the characterization of polymer nanocomposites [15, 16] .
Structure-property relationships in typical polyamide-6/layered silicate nanocomposites have been the subject to our research for a long time [12, [17] [18] [19] . In our previous works us at first developed domain-selective solid-state NMR experiments [20] for investigation of the role of motional amplitudes of polymer segments in reducing glass transition temperature [19] . More recently we focused our attention on the relationships between fracture toughness and the extent of layered silicate exfoliation [12] and we found out that intercalated nanocomposite with relatively low content of nanofiller (1-3 wt %) exhibit enhanced fracture toughness. In this contribution we report our subsequent investigation attempting to correlate the observed changes in fracture toughness with dynamics of polymer segments.
Results and discussion

Mechanical behaviour
Structure and mechanical behavior of the nanocomposites based on polyamide-6 were described in detail in our previous work [12] . It has been shown, that sodiumexchanged layered silicate forms intercalated structure, while organophilized C30 platelets are well exfoliated in the matrix. The silicate dispersion is determined by the nature of the silicate surface and seems to be independent of the silicate content within the applied concentrations. Tensile mechanical properties of the nanocomposites with exfoliated morphology are superior to those of intercalated nanocomposites. Both tensile strength and Young modulus increase with increasing silicate content. The only exception is slight decrease in the tensile strength of the sample PA6/C30-5 when compared with PA6/C30-3. This is a consequence of low ductility of PA6/C30-5 sample and corresponding premature failure before reaching the yield point [12] . In contrast to the tensile properties, the toughness of exfoliated nanocomposites is inferior to their exfoliated counterparts. The dependence of the critical J Id value of the J-integral is shown in Fig. 1 . Toughness slightly increased by the addition of 1 wt. % of the silicate. In the case of exfoliated nanocomposites, toughness then decreases with increasing silicate content. For intercalated nanocomposites, the drop in toughness is shifted to higher silicate concentration. At the same time, their toughness is systematically higher in comparison with exfoliated nanocomposites. To understand this enhancement of mechanical properties at molecular level all the prepared nanocomposites were subjected to an investigation by solid-state NMR. 
Composition of polymer matrix
At first we tried to describe structure and composition of prepared systems in detail. Although their 13 C CP/MAS NMR spectra consist of many overlapping signals, large differences in NMR chemical shifts provide characteristic markers distinguishing all polymorphic forms (amorphous,  and modification of PA-6. Especially when T 1 -filtered experiments are used [21] , the differences in segmental dynamics permit recording of 13 C NMR spectra separately for mobile amorphous phase and rigid crystallites ( Figure 2 ). Consequently, following the literature data [24] , the amounts of all three modifications were obtained via the decomposition of 13 C and 15 N CP/MAS NMR spectra (Table 2) . In all the analyzed systems all three modifications of PA-6 were identified. Amorphous phase is dominating reaching to about 70 %. Further, as expected, the main crystalline component in pure PA-6 is the-form, while in the nanocomposites the presence of silicate sheets promotes the development of -form and leads to the corresponding decrease in -phase content ( Table 2 ). The ratio of / modifications depends on silicate content and the extent of silicate dispersion. 
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The data are listed in Table 1 . It is obvious that paramagnetic contribution gradually increases with increasing amount of silicate platelets in polymer nanocomposites regardless of their surface treatment (Cloisite Na+ and 30B). However, comparing the systems with identical amounts of silicate minerals, nearly two-times higher paramagnetic contribution indicates that the extent of silicate dispersion is significantly larger in the systems containing Cloisite 30B. The obtained results are in good accord with the qualitative analysis of our previous TEM measurements [12] and confirm that CNa-systems can be considered as intercalated nanocomposites while the nanocomposites with organophilized C30 are fully exfoliated. The resulting data are not only self-consistent indicating reliability of the applied characterization procedure [25, 26] but in contrast to TEM micrographs provide quantitative values reflecting the extent of silicate exfoliation.
However, the obtained data confirm that the composition of polymer matrix (i.e. the amount of -modification) and/or the extent of silicate dispersion do not directly control fracture toughness of the nanocomposites at molecular level. The observed changes in ductility and toughness can be rather attributed to the amount of confined polymer chains and overall dynamics of polymer segments in amorphous matrix. To probe this suggestion we performed wide range of "domain-selective" relaxation experiments [21, 22] that made it possible to selectively analyze dynamics and structure of amorphous phase.
Domain-selective NMR relaxation experiments
It has long been recognized that molecular dynamics (which usually covers wide range of time-scales from picoseconds to seconds) significantly affects mechanical properties of synthetic polymers. Generally, two distinctive groups of segmental motions are easily recognized via spin-relaxation mechanisms: High-frequency motions (librations, rotations and jumps of small groups occurring with frequencies about hundreds of MHz), and mid-kilohertz frequency motions involving movements of larger parts of polymer chains. Although the fast segmental flips with relatively low amplitudes have already been identified as a potential factor that may help to enable the larger-amplitude motions (jumps) associated with glass-transition temperature [19] those are predominantly the low-frequency motions that correlate strongly with the thermomechanical material properties like modulus or glass transition, and absorb considerable amounts of mechanical energy. . The data were measured and calculated for C1 methylene units of polyamide-6 in amorphous phase. From the literature data [27, 28] it is well known that there are two subpopulations within amorphous phase of polyamide-6. It is supposed that relatively restricted liberation motion dominates in "constrained" domains while fast trans-gauche two-site tetrahedral jumps operate in the "free" domains. In our previous works we developed and applied "domain-selective" NMR experiments providing accurate information about motional amplitudes of polymer segments in amorphous phase in "constrained" as well as "free" domains [19, 20, 22] . However, the obtained dipolar profiles cannot be easily analyzed with respect to the measurements of relative amounts of these domains. That is why we rather concentrated on the analysis of relaxation behavior of 13 C spins in amorphous phase in both frequency regions.
Bearing in mind all limitations of relaxation experiments following from the presence of paramagnetic Fe 3+ centers [19] , we performed series of relaxation measurements in order to estimate changes in relative amounts of the "constrained" and "free" domains in amorphous phase of polyamide-6 as well as to monitor changes in the time-scales of internal motions of polymer chains. To probe the effect of silicate platelets on the behavior of polymer matrix, the T 1 ( 13 C) and T 1 ( 13 C) relaxation times of CH 2 groups were measured at various temperatures. Focusing on motional behavior of amorphous phase the experiments with direct excitation of 13 C spins having capability to detect highly mobile segments were performed (Scheme 1). Considering the existence of two subpopulations within the amorphous phase, the obtained relaxation decays were analyzed as double-exponential. The obtained intensities and corresponding relaxation times are listed in Table 2 . Although the temperature dependences of T 1 ( 13 C) relaxation times (Fig. 3) indicated that C1 methylene units would be the most sensitive part of monomer unit to monitor changes in segmental dynamics, all the recorded T 1 ( 13 C) relaxation decays exhibited monoexponential behavior and did not reflect the existence of two subpopulations in amorphous phase. In addition no clear differences between the prepared nanocomposites were detected. The observed insignificant decrease in relaxation times demonstrates that motional frequencies of methylene wobbling in MHz region are only slightly affected. This probably follows from the fact that in the both "constrained" and "free" domains the high-frequency motions of CH 2 groups are extensive and very similar. The assumed high extent of these motions is demonstrated by very short relaxation times (0.5-1.2 s, Table 2 ).
The analysis of T 1 ( 13 C) relaxation behavior brought much more interesting information and revealed clear differences between the studied nanocomposite systems ( Figure 4 , Table 2 ). In this case all the recorded relaxation decays were easily decomposed on two distinct components (long and short) that can be with certain limitations, attributed to different segmental motions in mid-kilohertz frequency region in the "constrained" and "free" domains, respectively. Similarly as observed in the previous case, the obtained T 1 ( 13 C) relaxation times do not exhibit any clear dependence on the type and amount of the nanofiller in the polymer matrix. The short component of T 1 ( 13 C) falling into the region 0.8-1.2 ms indicates highly efficient spinrelaxation processes that can be attributed to relatively fast high-amplitude transgauche jumps [Z,1] dominating in the "free" domains. On the other hand, the long component oscillating between 10 and 13 ms with high probability reflects lowamplitude wobbling (librations) that corresponds to less effective motions dominating in the "constrained" domains of amorphous phase. However, the determined intensities of both these components exhibit an interesting correlation to the observed changes in fracture toughness as is demonstrated in Figs.1 and 5 . Considering the experimental error estimated from two independent relaxation measurements it is clear that the intensity of rapidly relaxing component is generally higher in intercalated CNa-nanocomposites and in the systems containing smaller amounts of the silicate. On the other hand, lower intensity of this rapidly relaxing component is characteristic for the exfoliated C30-systems, especially of those containing high amount of silicate platelets. 
Dynamics of polymer segments in the amorphous phase
The obtained results indicate that significant molecular motions affecting fracture toughness occur in mid-kilohertz frequency region while the high-frequency motions probably have only limited influence. Almost constant relaxation times mean that internal dynamics of polymer segments within the domains of amorphous phase, i.e. their motional frequencies, are nearly unaffected by the presence of silicate platelets. On the other hand, the content of "free" and "constrained" domains is changed. However, the determined intensities of rapidly and slowly relaxing components do not directly correspond to the absolute amounts of "free" and "constrained" domains of amorphous phase. The direct quantification of both these domains is complicated due to several relaxation processes operating simultaneously. Besides segmental dynamics the spin relaxation in rotating frame is also affected by the interference of 13 C spins with the applied spin-locking field. In addition, small-amplitude librations as well as high-amplitude trans-gauche flips may not be strictly located within "constrained" and "free" domains respectively. It is reasonable to assume that these motional modes can be partially cross-operating. Nevertheless, taking into account all these limitations, the obtained intensities of both components can be considered as a relative and semi-quantitative measure of the composition of amorphous phase of PA-6. Subsequent correlation then revealed that the observed increase in toughness is coupled with the increase in content of free domains. This finding supports the assumption that in some cases the dynamics of polymer segments in amorphous phase is notably enhanced in the presence of the silicate platelets probably due to the weakened intermolecular hydrogen bonds. This behavior can result from the presence of local fluctuations in density of polymer chains in the amorphous phase induced by silicate nanoparticles. In these lowdensity regions, relatively far from the silicate surface and -crystallites, the strength of the intermolecular hydrogen bonds is reduced and the increased free volume allows trans-gauche flips to become prevailing motions. Thus, the global dynamics of polymer segments in amorphous phase is increased and because these flips are usually considered to be mechanically active, the mechanical properties like toughness can be enhanced. However, such additional formation of these free domains is possible only in the nanocomposite systems with relatively low amount of silicate platelets in polymer matrix.
Conclusions
The fracture behavior of different polyamide nanocomposites varying in silicate content and morphology was correlated with molecular mobility of polymer segments in amorphous phase. Two nanocomposite systems were characterized, namely intercalated and exfoliated nanocomposites. Toughness of both systems expressed by the critical value of the J-integral slightly increased with the addition of 1 wt % of the clay. In the case of exfoliated nanocomposites, toughness then decreased with increasing clay content. For intercalated nanocomposites, the drop in toughness was shifted to higher clay concentration. At the same time, their toughness is systematically higher in comparison with exfoliated nanocomposites. To understand this enhancement in mechanical properties at molecular level all the prepared nanocomposites were subjected to a detail investigation by solid-state NMR. Domainselective techniques for assessment of the ratio between constrained and free domains in the amorphous phase of the matrix were applied. The observation is in good agreement with the dynamics of polymer segments assessed by solid-state NMR. It has been shown, that toughness is coupled with the amount of the rapidly relaxing component of the amorphous phase. Indeed, the dependences of the intensity of the free domains on the silicate content and dispersion match well with the corresponding trends of fracture toughness.
Experimental
Materials and sample preparation
The materials used in this study were: a commercial-grade polyamide 6 (labeled as PA6, Ultramid B4, M n = 33 000, BASF, Germany) and two layered silicates based on natural montmorillonite. First, designated here as CNa, sodium montmorillonite Cloisite Na+ and second was modified with alkylbis (2-hydroxyethyl) methylammonium chloride, the alkyl being derived from tallow, Cloisite 30B (C30). Both silicates were commercial products supplied by Southern Products, USA. Nanocomposites were prepared by melt-compounding in a Brabender DSE 20 twinscrew corotating extruder (diameter 20 mm, L/D ratio = 40) at 500 rpm. Dumbbell specimens (type 1A according to ISO 527 standard) were injection-molded using a Battenfeld BA 100 injection molding machine. The bars for fracture mechanics experiments were cut from central part of the dumbbell specimens. More complete details are given in our previous publication [12] . Composition of studied samples summarized in Table 3 .
Tab
Mechanical testing
The fracture behavior of the nanocomposites was determined by the instrumented Charpy impact testing using a J-integral approach. J-integral is an energy-based parameter characterizing stress-strain field near a crack tip. Its critical value, J Id , characterizes toughness as a resistance against unstable crack growth. In fact, it represents the energy required to initiate crack growth. Details are described in [12] .
Results of the fracture mechanics testing are listed in Table 3 .
NMR spectroscopy
All NMR spectra were measured using Bruker Avance 500 WB/US NMR spectrometer (Karlsruhe, Germany, 2003) at magic angle spinning (MAS) frequency 11 kHz. In all cases the dried samples were placed into the ZrO 2 rotors and stored under silica-gel to prevent re-hydration. For the measurement of T 1 and T 1 relaxation of 13 C magnetization in mobile domains (amorphous phase), the domain-selective experiments with direct excitation and the inverse T 1 -filter were used [20] [21] [22] (Scheme 1). Such selection is achieved by a train of 90° pulses, which is followed by a short delay ( 1 ). The train of pulses effectively saturates transitions of 13 C spins in both crystalline and amorphous phases while the short delay ( 1 ) 1-2s brings 13 C magnetization of amorphous phase back to the z direction. The subsequent 90°( 13 C) pulse excites magnetization of amorphous phase only. For the measurements of T 1 ( 13 C) relaxation times a pair of flip-back and read-out pulses (Torchia's concept [21] ) was inserted after the excitation pulse. The variable delay (VD) between them ranges from 0.1 to 2 s. In the case of measurements of T 1 ( 13 C) relaxation times the excitation pulse is followed by a variable spin lock pulse ranging from 0.1 to 15 ms. The intensity of excitation and spin-locking fields B 1 ( 
